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SUMMARY

Alzheimer’s disease (AD) is a detrimental neurode-
generative disease with no effective treatments.
Due to cellular heterogeneity, defining the roles of
immune cell subsets in AD onset and progression
has been challenging. Using transcriptional single-
cell sorting, we comprehensively map all immune
populations in wild-type and AD-transgenic (Tg-AD)
mouse brains. We describe a novel microglia type
associated with neurodegenerative diseases (DAM)
and identify markers, spatial localization, and path-
ways associated with these cells. Immunohisto-
chemical staining of mice and human brain slices
shows DAM with intracellular/phagocytic Ab parti-
cles. Single-cell analysis of DAM in Tg-AD and trig-
gering receptor expressed on myeloid cells 2
(Trem2)�/� Tg-AD reveals that the DAM program is
activated in a two-step process. Activation is initi-
ated in a Trem2-independent manner that involves
downregulation of microglia checkpoints, followed
by activation of a Trem2-dependent program. This
unique microglia-type has the potential to restrict
neurodegeneration, whichmay have important impli-
cations for future treatment of AD and other neurode-
generative diseases.

INTRODUCTION

The CNS, as an immune privileged site, has evolved unique

mechanisms to allow it to benefit from its resident myeloid cells,

microglia, as well as from communication with the systemic

immune system (Hanisch and Kettenmann, 2007; Louveau

et al., 2015; Quan and Banks, 2007; Schlegelmilch et al., 2011;

Schwartz and Shechter, 2010; Sierra et al., 2014; Tremblay
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et al., 2011; Ziv et al., 2006). In the mouse embryo, microglia

migrate from the yolk sac to the CNS at embryonic days 8–9, un-

dergo a stepwise program of development that is synchronized

with the brain developmental process, and subsequently acquire

a stable phenotype essential for the brain protection and homeo-

stasis (Ginhoux and Prinz, 2015; Matcovitch-Natan et al., 2016).

Microglia immune activity is restrained by dedicated immune

inhibitory pathways that suppress unwanted inflammatory re-

sponses and tissue destruction that are often associated with

immune activation (Hanisch and Kettenmann, 2007). These

checkpoint mechanisms include direct inhibitory interactions

of microglia with neurons through the receptor-ligand pairs

CX3CL1-CX3CR1 and CD200-CD200R, soluble molecules

present in the CNS milieu (e.g., transforming growth factor b

[TGF-b]), and intracellular regulators such as the transcription

factor MafB (Butovsky et al., 2015; Kierdorf and Prinz, 2013;

Lauro et al., 2015; Matcovitch-Natan et al., 2016; Ransohoff

and Cardona, 2010). Nevertheless, these mechanisms may be

disadvantageous under extreme conditions when reparative

microglial activity is needed.

Alzheimer’s disease (AD) is an age-related neurodegenerative

disease characterized by progressive memory decline and

cognitive dysfunction, often manifested histologically by the

parenchymal deposition of amyloid-beta (Ab) plaques, the for-

mation of neurofibrillary tangles and neuroinflammation (Hardy

and Selkoe, 2002; Holtzman et al., 2011). Numerous studies re-

ported conflicting results regarding the contribution of systemic

immunity, recruited monocytes, and tissue-resident microglia to

ADonset and disease progression (Baruch et al., 2016; Deardorff

andGrossberg, 2017; Guillot-Sestier et al., 2015; Jay et al., 2015;

Koronyo et al., 2015; Lai andMcLaurin, 2012; Simard et al., 2006;

Wang et al., 2016). Some reports show that under such condi-

tions, microglia acquire pro-inflammatory activity, which has

been associated with disease escalation (Heppner et al., 2015;

Tejera and Heneka, 2016; Wang et al., 2015; Yamasaki et al.,

2014). However, the current methods, analyzing bulk cell popu-

lations isolated based on a small set of surface markers, might

be limited in resolving the heterogeneity, niche specificity, and
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complexity of immune cell types within the CNS (Elowitz

et al., 2002; Geissmann et al., 2010; Hume, 2008). Single-

cell genomic technologies enable unbiased characterization of

immune cell types and states, transitions from normal to disease

and response to therapies, supporting comprehensive genome-

wide sampling by single-cell RNA sequencing (RNA-seq) as an

effective tool to systematically resolve immune heterogeneity

in AD (Deng et al., 2014; Grün et al., 2015; Gury-BenAri et al.,

2016; Jaitin et al., 2014; Junker and van Oudenaarden, 2014;

La Manno et al., 2016; Mass et al., 2016; Matcovitch-Natan

et al., 2016; Paul et al., 2015; Treutlein et al., 2014; Zeisel

et al., 2015). Single-cell analysis can further identify potential

markers, pathways, and regulatory factors, promoting testable

hypotheses to elucidatemolecular mechanisms of immune regu-

lation in AD (Jaitin et al., 2016; Matcovitch-Natan et al., 2016;

Paul et al., 2015).

Taken together, it is still not clear whethermicroglial function in

neurodegenerative diseases is beneficial but insufficient, or

whether these cells are effective at early disease stages but

lose their efficacy or even become detrimental later on. Impor-

tantly, the pathways and molecular mechanisms of microglia

activity at the different stages of AD thereby remain controver-

sial. Here, we combine massively parallel single-cell analysis

with chromatin profiling, single-molecule FISH (smFISH), immu-

nohistochemistry, genetic perturbation, and computational

modeling to comprehensively characterize de novo the involve-

ment of the immune system in AD progression. Using a mouse

model of AD that expresses five human familial AD gene

mutations (5XFAD), we uncover a disease-associated microglia

(DAM) subtype. Further analysis identifies DAM in another

mouse model of neurodegenerative disease, namely, amyotro-

phic lateral sclerosis (ALS). Our results also depict the pathways

activated in DAM, which have been associated with known AD

risk factors, but not specifically attributed to microglia. Using

sub-tissue-focused single-cell RNA-seq and smFISH, we identi-

fied the spatial location of DAM in proximity to Ab plaques.

Immunohistochemical staining showed an increased number

of microglia that are positively stained for intracellular Ab parti-

cles and DAM-markers in both 5XFAD mice and in human AD

postmortem brains. Comparing triggering receptor expressed

on myeloid cells 2 (Trem2)�/�5XFAD with Trem2+/+5XFAD mice

revealed that initial DAM activation, that includes upregulation

of Tyrobp, Apoe, and downregulation of microglia checkpoint

genes (e.g., Cx3cr1 is Trem2-independent, but full activation

of the DAM program including phagocytic and lipid metabolism

activity is a consequential event that is Trem2-dependent. Over-
Figure 1. Single-Cell RNA-Seq Reveals a Unique Microglia Type Assoc

(A) Schematic diagram showing the isolation of single cells from whole brains of W

yielding genotype to cellular and molecular phenotype relations.

(B) Heatmap showing clustering analysis of 8,016 single cells, featuring 220 mos

(UMI count, see the STAR Methods) of selected marker genes for each cluster (I

(C) Dot plot showing the percentage of WT (beige) or AD (red) cells out of the to

(female) or square (male), represents an independent single-cell experiment perf

(D) t-SNE plot of the 8,016 single cells depicting the separation into the ten clust

(E) Volcano plot showing the fold change of genes (log2 scale) between DAM (micr

their significance (y axis, -loglog scale). See Table S2. Highly significant genes are

FDR correction. Individual female animals are shown in Figure S1D.

See also Table S1.
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all, our study identifies a potential protectivemicroglia type asso-

ciated with neurodegeneration and outlines a general framework

for studying the involvement of the immune system in AD

pathology.

RESULTS

Identification of a Unique Microglia Type Associated
with Alzheimer’s Disease
Current characterization of immune cells involved in AD has been

obtained from populations sorted according to a small set of

canonical cell-surface markers. Therefore, the observed gene

expression signatures may obscure the presence of additional

immune cell types and overlook the composite picture of related

and dynamic subsets in the brain. To de novo characterize the

immune cell types and states involved in AD, we first sorted all

immune cells (CD45+) from brains of 5XFAD, a commonly used

AD transgenic mouse model that expresses five human familial

AD gene mutations (Oakley et al., 2006), compared with age-

and sex-matched wild-type controls, and performed massively

parallel single-cell RNA-seq (MARS-seq) (Jaitin et al., 2014) (Fig-

ures 1A and S1A). In order to link between the canonical surface

markers to the genome-wide expression profiles, we used an

index-sorting strategy that allowed for retrospective analysis

of surface marker combinations of each individual cell (see

the STAR Methods). Unsupervised graph-based clustering

(PhenoGraph) (Levine et al., 2015) of all 8,016 single cells sorted

from six wild-type and AD mice, created a detailed map of the

ten most transcriptionally distinct subpopulations (Figures 1B

and S1B; Table S1). These distinct immune subpopulations

were based on cluster-specific expression patterns of the 500

most variable genes, allowing de novo identification of rare sub-

populations. Our analysis identifies a monocyte state, repre-

sented in cluster V, a perivascular macrophage group in cluster

IV (Zeisel et al., 2015), several lymphocytes sub groups (B cells,

T cells, natural killer [NK] cells; clusters VI–VIII), granulocytes

(IX–X), and a large group of microglia cells (cluster I; Figures 1B

and S1B). Surprisingly, our analysis also identifies two small

groups of cells, clusters II (4.2%) and III (2.8%), which displayed

expression of microglial genes (Cst3 and Hexb) with an addi-

tional unique signature of lipid metabolism and phagocytic

genes such as Apolipoprotein E (Apoe), lipoprotein lipase (Lpl),

and Cystatin F (Cst7) (Figures 1B and S1B).

Examining the contribution of wild-type versus AD back-

grounds to each group of cells revealed a similar percentage

of cells in perivascular macrophages, monocytes, group I
iated with Alzheimer’s Disease

T and Tg-AD (AD) mice for massively parallel single-cell RNA-seq (MARS-seq)

t variable genes, from 3 WT and 3 AD 6-month-old mice. The expression level

–X) is shown on the right.

tal CD45+ cells in each of the clusters identified in (B). Each data point, circle

ormed on an individual animal.

ers as shown in (B).

oglia3) to homeostatic microglia (microglia1) from the ADmale brain (x axis) and

indicated by a red dot. p values were determined by Mann-Whitney U test with
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microglia, granulocytes, and slight differences between the wild-

type (WT) and the AD model in lymphocytes (Figure 1C). Strik-

ingly, group II and III microglia represent distinctive microglia

states observed in AD but not in the WT background, and we

define this state as disease-associated microglia (DAM). Projec-

tion of the cells using t-distributed stochastic neighbor embed-

ding (t-SNE), localizes the DAM group in proximity to the

microglia territory and distinct from the monocytes and perivas-

cular macrophages (Figures 1D and S1C). Closer examination of

the profiles and key marker genes of homeostatic microglia to

group II and III DAM revealed similarity to the microglial program

(e.g., Hexb and Cst3; Figures 1B, S1B, and S1C). However, DAM

also demonstrate significant changes in gene expression

compared with microglia such as reduction in the expression

levels of several microglia homeostatic genes, including the pu-

rinergic receptors P2ry12/P2ry13, Cx3cr1, and Tmem119 (Fig-

ures 1B, 1E, and S1D) (Butovsky et al., 2015; Haynes et al.,

2006; Hickman et al., 2013; Merino et al., 2016; Mildner et al.,

2017). Many more genes are upregulated in DAM including

several known AD risk factors such as Apoe (Corder et al.,

1993), Ctsd (Paz-Y-Miño et al., 2015), Lpl (Scacchi et al.,

2004), Tyrobp (Pottier et al., 2016), and Trem2 (Guerreiro

et al., 2013; Jonsson et al., 2013) (Figures 1E and S1D; Table

S1). Comparison of homeostatic microglia to group II and III

DAM shows that the expression changes for many of the

DAM-specific genes are in the same trajectory but more pro-

nounced in group III, which may suggest that group II is an inter-

mediate state between homeostatic microglia and group III DAM

(Figures 1B and 1D). Gene set enrichment analysis (GO) of DAM-

specific genes revealed significant involvement (p < 13 10�14) in

lysosomal/phagocytic pathways, endocytosis, and regulation of

the immune response (Figure S1E).

Disease-Associated Microglia Dynamics during AD
Progression
AD is a progressive disease with gradual increase in neuronal

death and loss of cognitive function (Ballard et al., 2011). Identi-

fying the relevant changes in DAM regulation along the course of

the disease could shed light on the molecular mechanisms of

DAM regulation and potentially suggest of new therapeutic tar-

gets. AD typically progresses in three general stages; early-

stage, mild-moderate, and severe (Reitz and Mayeux, 2014). In

the 5XFAD AD model, these stages are accelerated: high levels

of intraneuronal aggregated b-amyloid start to appear at around

1.5 months of age and amyloid and plaque deposition at
Figure 2. Disease-Associated Microglia Display Dynamics of Activatio

(A) Bar plot showing the relative distribution of each cluster identified in Figu

(CD45lowCD11b+) enrichment (right, 186 cells).

(B) kNN projection of the 893 single cells taken from the ADmouse at each time po

microglia (gray). x axis refers to the transition axis from homeostatic microglia to

(C) Bar plots quantifying the percentage of cells presented in (B) along the activa

(D) Projection of key marker genes onto the graph plot of microglia, as shown in

(E) Graph displaying sliding window smoothed expression (UMI counts, w = 20)

generalized logistic curve fit (marked in orange). t1/2 represents half maximal res

(F) Heatmap showing the kinetics of DAM differential genes ordered by their t1/2. T

genes. See Table S4.

(G) Graphs showing the ordering of key marker genes along the transition axis.

See also Figure S2 and Table S3.
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2–3 months of age. Neuronal loss and deficits in spatial learning

initiate at around 6 months and severe cognitive dysfunction is

observed at 7–8 months of age (Kimura and Ohno, 2009; Oakley

et al., 2006). We therefore performed single-cell RNA-seq in

whole brains of 5XFAD mice at 1, 3, 6, and 8 months of age.

In order to enrich for the rare DAM cells over other immune

populations, we used the single-cell data to identify potential

markers. We identified CD9, Itgax (CD11c), Clec7a, and CD63

as potential DAM markers (Figure 1E; Table S2) and sorted

1,358 CD11c+ microglia from the different time points along dis-

ease progression (Figure S2A). Comparing CD11c+-sorted mi-

croglia from 6-month-old AD mice with the corresponding

CD45+ selection revealed 6.33 enrichment of DAM (Figures 2A

and S2B). Index sorting of CD11b cells demonstrate that there

are no cells with a DAM signature that are CD11c negative (Fig-

ure S2C). However, projection of CD11c+ cells onto our CD45+

map revealed that CD11c+ cells are an heterogonous cell popu-

lation that include a mixture of various myeloid cells, including

microglia, perivascular macrophages, and monocytes (Fig-

ure S2D), which may limit biological relevance of bulk analysis

using CD11c as a marker for AD (Chiu et al., 2013; Hickman

et al., 2013; Holtman et al., 2015; Kamphuis et al., 2016; Landel

et al., 2014; Orre et al., 2014a, 2014b; Wang et al., 2015). We

therefore in silico removed all myeloid contaminants from the

time course data and analyzed the remaining 893 DAM and mi-

croglial cells. To model the dynamics of microglia along disease

progression we generated a k-nearest neighbors graph (kNN) of

microglia cells from all major disease stages. Two-dimensional

projection of the graph identifies homeostatic microglia and

DAM on the two extremes of the graph with an intermediate

group of cells connecting the two states (Figure 2B). This anal-

ysis demonstrated that microglia in the AD model, and not in

the WT, display a transition from homeostatic microglia to

DAM population as a function of disease progression (Figures

2B, 2C, and S2E). While most genes do not change their expres-

sion as a function of microglia transition (Hexb), some genes

display a decrease in gene expression along this activation

axis (Cx3cr1) and some show an increase in their gene expres-

sion (Apoe, Lpl, CD9, Cst7, Trem2) (Figure 2D; Table S3). In order

to define the temporal transcriptional changes leading to DAM

formation, we generated a mathematical model based on a

generalized logistic function to describe the temporal changes

in gene expression (Figure 2E; see the STAR Methods). Our

model depicts the molecular order of events in which microglia

are switching from the homeostatic state to DAM (Figure 2F;
n during AD Progression

re 1B with CD45+ sorting (left, 1,045 cells) compared to CD11c+ microglia

int along disease progression (1, 3, 6, 8 months; color) on the background of all

DAM.

tion axis.

(B). Color bar below each plot represents color scale level (log2 UMI counts).

of selected markers (CD9, Trem2) in each cell along the activation axis with a

ponse.

op panel contains downregulated genes and lower panel contains upregulated
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Figure 3. DAM Are Localized Near the AD Plaques

(A) Projection of 6,347 single cells isolated from either cortex (3,247) or cerebellum (3,100) collected from brains of 6-month-oldWT and Tg-AD (AD) mice (n = 2 for

each area) onto the t-SNE plot of Figure 1D, showing the spatial location of DAM in the cortex of AD mice (indicated by an arrow).

(legend continued on next page)
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Table S4). Analysis of genes in the different disease stages (Fig-

ure 2B) revealed that initial transition events are more frequent in

earlier disease stages (3 months) and include downregulation of

P2ry12/13 and Cx3cr1 and upregulation of Tyrobp and Apoe.

Later regulatory events are more frequent in advanced stages

of the disease (8 months) and include upregulation of Cst7,

Lpl, and Trem2 (Figures 2F and 2G).

Chromatin plays a major regulatory role in cell-type-specific

functions and response (Winter et al., 2015). Transcriptional

changes from latent enhancers, rather than previously estab-

lished enhancers, could resolve whether the DAM program is

an immediate transcriptional response or a less anticipated

response that requiresmore complex chromatin rearrangements

(Ostuni et al., 2013). We therefore used a high sensitivity method

for chromatin immunoprecipitation followed by sequencing

(iChIP) comparing microglia and DAM enhancers in WT and AD

mouse model (Lara-Astiaso et al., 2014). We observed a highly

similar (r2 = 0.86) global pattern of histone 3 lysine 4 di methyl re-

gions (H3K4me2), which marks promoter and enhancer regions.

Focusing on DAM-specific genes, we observed active H3K4me2

regions in both the microglia and DAM demonstrating that the

DAM program is already primed in homeostatic microglia (Fig-

ures S2F and S2G).

DAM Are Localized near AD Plaques
Our single-cell analyses were obtained from immune cells iso-

lated fromwhole brains including themeninges and parenchyma

of AD involved (e.g., cortex) and uninvolved (e.g., cerebellum)

brain regions. In order to spatially orient the immune cell compo-

sitions within different brain regions, we repeated the single-cell

sorting experiments on dissected cortex and cerebellum of

6-month-old AD and WT mice and compared the immune

composition of these two regions using single-cell RNA-seq of

all immune (CD45+) cells. Analyzing 6,347 cells from four AD

and WT mice, we found that DAM are located within the cortex,

but not the cerebellum of AD mice (Figures 3A, 3B, and S3A).

Using the rich molecular characteristics of DAM, we further

performed immunohistochemistry staining and single molecule

fluorescence in situ hybridization (smFISH). We focused on

differentially expressed DAM markers and anti-Ab plaque label-

ing. Cortex staining for IBA-1, a classical homeostatic microglial
(B) Dot plot quantification for microglia clusters I–III (microglia1, microglia2, and

CD45+ cells in each of the clusters identified in (A). Each data point (square, male

animal.

(C) Representative immunofluorescence images of CD11c (green) and microglia

nuclei are shown in blue (DAPI). Scale bar, 10 mm.

(D) Bar plot showing quantification of CD11c+microglia out of total microglia base

bars represent SEM.

(E) Immunofluorescence imaging of CD11c-positive microglia together with Ab p

(F) smFISH of mRNAmolecules for Cx3cr1 (green), a marker for homeostatic micr

(gray) and DAPI staining (blue) in intact brain tissue taken from 6-month-old WT a

density of Ab plaques (AD-Ab distal; bottom left) and in a regionwith a high density

fluorescent objects. Scale bar, 5 mm.

(G) Left: quantification of the number of Csf1 molecules in microglia. Horizontal lin

times the interquartile range. Red plus signs represent outliers. Right: average UM

based on the overall number and size of Ab plaques in each field. n(WT) = 39, n(A

bars represent SEM.

See also Figure S3.
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marker, together with CD11c, shows a small overlap (6%) within

WT mice. In contrast, we identified a significant population

(22.3%) of microglia that co-expresses these markers in

6-month-old AD mice (Figures 3C and 3D). Examining the

expression of IBA-1 positive with CD11c-positive cells in AD

transgenic mice stained for Ab plaques shows that microglia

co-express these markers in proximity to plaque foci (Figure 3E).

Further, CD11c is co-expressed with TIMP2, a marker for DAM,

onmicroglia cells in ADmice (Figure S3B). Probing for the spatial

distribution of DAM-specific genes, Csf1 and Lpl, using smFISH,

shows significant overlap of these two genes within microglia

cells near the Ab plaques (Figures 3F, 3G, S3C, and S3D). This

attributes our identified DAM population to cells localized in

the vicinity of the Ab plaques.

DAM Are Phagocytic Cells Conserved in Human and
Other Neurodegenerative Diseases
DAM express high levels of phagocytic and lipid metabolism

pathways. We therefore examined whether DAM would pheno-

typically show high incidence of intracellular phagocytic particles

of Ab. We immunostained brain slices with Lpl, a DAM-specific

gene previously identified as an AD risk factor, together with

histological staining using Thioflavin-S, which labels both extra-

cellular and intracellular forms of Ab (Rajamohamedsait and

Sigurdsson, 2012). Analysis of these brain slices show that mi-

croglia containing Thioflavin-S-labeled particles are mostly clus-

tered in close vicinity of Ab plaques, from 1.8% of microglia in

regions with low density of plaques to 60.6% in regions with

high density of plaques (Figures 4A and 4B). These phagocytic

microglia showed nearly complete co-expression of the DAM

marker Lpl (95.8%; Figure 4B). Further, in order to examine if

DAM cells are conserved in human, we used the same strategy

and stained human postmortem brains and age-matched non-

AD controls for Ab and Lpl. Our analysis shows a very strong

overlap between Lpl-positive microglia, predominantly around

Ab plaques, in AD postmortem brain samples; such cells could

not be detected in non-AD brain slices (Figures 4C and S4A).

To examine the presence of DAM in other neurodegenerative

conditions, we performed single-cell analysis of all immune cells

from spinal cords of amousemodel of ALS, a neurodegenerative

disease characterized by the progressive degeneration of motor
DAM) showing the percentage of WT (beige) or AD (red) cells out of the total

) represents an independent single-cell experiment performed on an individual

(IBA-1, red) in cortical sections of 6-month-old WT and Tg-AD (AD) mice. Cell

d on overall 944 cells counted in the cortex of WT and ADmice. *** <0.001. Error

laques (gray). Scale bar, 10 mm.

oglia, and Csf1 (red), a DAMmarker, together with Ab plaques immunostaining

nd AD mice. Imaging of AD mouse brains was performed in a region with low

of Ab plaques (AD-Ab proximal; right). Large yellow blobs are cytoplasmic auto-

es are medians, boxes demarcate the 25–75 percentiles; vertical lines are 1.5

I count obtained from the single-cell RNA-seq data. Quantification was done

D-Ab distal) = 17, n(AD-Ab proximal) = 66, *** <0.001. ns, non-significant. Error
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Figure 4. DAM Are Phagocytic Cells Conserved in Human and Other Neurodegenerative Diseases

(A) Representative images from brain regions with low and high density of Ab plaques (Ab distal, top; Ab proximal, bottom) of 6-month-old Tg-ADmice, stained for

a DAM marker gene (LPL; green), IBA-1 (microglia, red), and Thioflavin-S (ThioS; Ab, gray). Small squares (insets) represent position of images by cell nuclei

staining (DAPI, blue).

(B) Bar plot showing the fraction of IBA-1+ cells (microglia) in Ab distal and proximal brain regions, stained for LPL and ThioS.

(legend continued on next page)
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neurons in the spinal cord (McCombe and Henderson, 2011). We

sorted 3,194 CD45+ cells from the spinal cords ofmSOD1 (G93A)

mice, a transgenic ALS mouse model mimicking the familial hu-

man disease (Gurney et al., 1994), at early (day 80) and late (day

135) disease progression stages and performed single-cell RNA-

seq. Analysis revealed similar immune cell populations to those

identified in the WT and AD mice with different proportions (Fig-

ures 4D and S4B; Table S5). The majority of the cells were rep-

resented by microglia, expressing the relevant markers such

as Hexb and Cx3cr1 (Figures 4D, S4B, and S4C). Importantly,

we also observed a distinct group of cells with microglia charac-

teristics in the spinal cords of ALS mice but not in the WT mice

(Figures 4D and S4B). These cells display an expression profile

that is highly similar to the DAM observed in the AD model,

including upregulation of Trem2, Tyrobp, Lpl, and Cst7 as well

as downregulation of P2ry12 and Cx3cr1 (Figures 4E and S4B–

S4D; Table S6). Of the total CD45+ cells, the percentage of

DAM increases from 6%at day 80 to nearly 30%by day 135 (Fig-

ure 4F), which points to further accumulation of DAM during ALS

progression. To further generalize the regulation of DAM in

various neurodegenerative conditions, we performed single-

cell RNA-seq on 631 CD11b+ immune cells isolated from whole

brains of aged (20-month-old) mice compared with young

(7-week-old) mice. Analysis of the microglia cells revealed a

large increase of the DAMpopulation in the agedmice compared

with young adults, from non-detected to 3%, respectively (Fig-

ure S4E). These results suggest that DAM actively participate

in the dismantling and digestion of the amyloid plaques and

are conserved from mouse to human neuropathology.

DAM Activation Is Initiated by a Trem2-Independent
Mechanism
In order to better understand the regulatory mechanisms of

DAM, we further analyzed the single-cell data, seeking potential

regulators that may trigger DAM activation. Among them, we

identified Tyrobp (Tyro protein tyrosine kinase binding protein)

and Trem2 (triggering receptor expressed on myeloid cells 2),

which form a signaling complex; both components are strongly

induced in DAM (Figure 1E; Table S1) (Colonna and Wang,

2016; Painter et al., 2015; Wang et al., 2015). Mutations in

Trem2 were associated with risk factors in AD (Colonna and

Wang, 2016; Guerreiro et al., 2013; Jonsson et al., 2013) and

Trem2 deficiency in an AD mouse model accelerated Ab plaque

accumulation and neuronal loss (Jay et al., 2015; Wang et al.,

2015, 2016; Yuan et al., 2016). To decipher the role of Trem2 in

DAM activation, we performed single-cell RNA-seq of DAM,

using CD11c and CD11b enrichments, from whole brains

of Trem2+/+5XFAD and Trem2�/�5XFAD mice together with

matched WT and Trem2�/� controls, altogether 3,864 cells.
(C) Representative image of postmortem AD human hippocampal section (n = 5)

(gray). Four out of five samples stained positive for microglia expressing Lpl labe

(D) t-SNE plot of 3,194 single cells taken from the spinal cord of WT and ALS mic

yellow, DAM are indicated in red, and other immune cells are shown in shades o

(E) Scatterplot comparing z statistics (Mann-Whitney U test) for the differentially e

(y axis). See Table S6.

(F) Bar plots comparing the percentage of DAM out of CD45+ cells taken from th

See also Figure S4 and Table S5.
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Following digital sorting and removal of monocytes contami-

nants, the remaining microglia cells were clustered using a

kNN graph and projected on a two-dimensional space, display-

ing a spectrum of transcriptional states from homeostatic micro-

glia toward the DAM state (Figure 5A). Similar to our single-cell

analysis of AD mice (Figure 1B), we observed three distinct

microglia groups: homeostatic, intermediate state, and DAM

(Figure 5A). Interestingly, the intermediate state, which ex-

pressed only a partial set of the DAM program, Tyrobp, Apoe,

B2m, and Ctsd, but not the majority of the lipid metabolism

and phagocytic pathway genes (e.g., Lpl), wasmuchmore abun-

dant in the Trem2 knockout experiment.

Overlaying the mice genotype on our model shows that both

WT and Trem2�/� contain only homeostatic microglia, express-

ing high levels of microglia marker genes (e.g., Cst3, Hexb, and

Cxc3cr1) (Figures 5B, 5C, and S5). Trem2+/+5XFAD displayed a

similar DAM program to that observed before (Figures 1B, 2B,

5B, and 5C). Strikingly, in the Trem2�/�5XFAD background, the

mice brains were completely depleted of DAM and instead

accumulated a large number of cells in the intermediate state,

demonstrating that the DAM program progresses through

Trem2-dependent and Trem2-independent pathways (Figures

5B, 5D, 5F, and S5; Table S7). A similar intermediate DAM state

is observed in the Trem2+/+5XFAD at a smaller frequency (Fig-

ure 5E), but unlike in the Trem2�/� background, most cells pro-

ceed and activate the full DAMprogram (Figures 5B, 5D, and S5).

This analysis suggests that DAM are generated through a two-

stepmechanismof activation of homeostaticmicroglia (Figure 6).

An initial activation through an unknown mechanism leads to an

intermediate state (stage 1) in a Trem2-independent mechanism,

which critically involves reduction in the expression of homeo-

static microglia checkpoint genes (e.g., Cx3cr1 and P2ry12/

P2ry13) and upregulation of genes such as B2m, Apoe (associ-

ated with AD progression) (Castellano et al., 2011), and the

Trem2 adaptor Tyrobp (Figures 5 and 6). This intermediate

DAMprogram can be further activated by a secondary activation

signal that is Trem2-dependent (stage 2) and involves upregula-

tion of phagocytic and lipid metabolism genes such as Cst7 and

Lpl (Figures 5 and 6). Interestingly, no cells with a Trem2-depen-

dent program are observed without the Trem2-independent pro-

gram, which suggests that DAM activation is a mechanistically

coupled temporal event that must first be initiated in a Trem2-in-

dependent pathway, followed by activation of the Trem2-depen-

dent program.

DISCUSSION

Immune cells and pathways are frequently implicated in neuro-

degenerative conditions. For the last decades, the nature of
stained for LPL (green), microglia (IBA-1, red), and Thioflavin-S (ThioS) for Ab

led with Ab particles. Scale bars, 10 mm.

e at ages 80 days and 135 days (n = 2 from each age). Microglia are shown in

f gray.

xpressed genes in DAM versus homeostatic microglia in ALS (x axis) versus AD

e spinal cord of WT and ALS mice at ages 80 days and 135 days.
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C E F

Figure 5. DAM Activation Is Initiated by a Trem2-Independent Pathway
(A) Projection of microglia on a kNN graph plot displaying the transition from homeostatic microglia (yellow) to stage 1 DAM (orange) and stage 2 DAM (red). The

microglia cells (3,864 cells) were extracted from whole brains of 6-month-old WT, 5XFAD, Trem2�/�, and Trem2�/�5XFAD mice (n = 4).

(legend continued on next page)
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Figure 6. DAM Are Regulated through a Two-Step Activation Mechanism

Schematic illustration showing microglia switching from homeostatic to stage 1 DAM (Trem2-independent) and stage 2 DAM (Trem2-dependent) following

signals such as those associated with AD pathology, aging, and ALS pathology. Key genes involved in each stage are shown below each condition. Arrows

indicate up (red) or down (green) regulation of the gene in the specific stage.
the involvement of microglia, as well as infiltrating immune cells,

in the response to brain pathologies have been under constant

debate (Chakrabarty et al., 2015; Guillot-Sestier et al., 2015).

This was partly due to technical limitations of using marker-

based approaches analyzing heterogeneous cell populations,

which made it difficult to accurately define the immune cell types

and states involved in brain homeostasis and disease. As a

result, various innate immune functions have been interchange-

ably attributed to either microglia or infiltrating blood-derived

monocytes. For example, in AD, as in many other neurodegener-

ative diseases, the local neuroinflammation that is associated

with cytotoxicity and disease escalation has often been attrib-

uted mainly to microglia (Mosher and Wyss-Coray, 2014; Prinz

and Priller, 2014; Wang et al., 2015, 2016; Yuan et al., 2016). In

contrast, several studies have attributed a positive role to infil-

trating monocytes in the clearance of toxins from the brain

(Baruch et al., 2015; Jay et al., 2015; Koronyo et al., 2015; Simard

et al., 2006; Thériault et al., 2015).

In the current study, we were able to overcome many of these

limitations, and avoid marker-based classifications, by using

single-cell RNA sequencing for sampling single immune cells

from the brain. Our work establishes a new experimental and

conceptual paradigm to accurately analyze the involvement of

the immune system in neurodegeneration and other brain

pathologies. We identify a novel subtype of protective microglia,

disease-associated microglia, DAM, and decipher their dy-
(B) Projection of the mice genotype on the model from (A). Cells enriched for CD

(DAM; CD45lowCD11b+CD11c+) are marked in green.

(D) The expression level (UMI counts) of selected marker genes in the different t

stage 2 DAM.

(C) Scatterplot showing the average molecules count (log2 scale) of homeostatic

(E) Scatterplot showing the average molecules count (log2 scale) of stage 1 DAM

(F) Comparison of log p values of the differential expression of stage 1 DAM ve

expression of stage 2 DAM versus homeostatic microglia in 5XFAD (y axis), log p

See also Figure S5 and Table S7.
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namics along the course of Alzheimer’s disease progression.

Using immunohistochemistry and smFISH, we found that DAM

are spatially associated with sites of AD pathology. Closer

examination of the genes expressed by DAM along disease pro-

gression revealed elevation of lipid metabolism pathways and

phagocytic-related genes, corresponding to the need for plaque

clearance in AD. Importantly, the DAM-specific program that we

identify includes genes that encode a large number of known risk

factors that contribute to disease mitigation. While they were

previously identified in AD, they were not functionally linked

with microglia. Among these genes is Lpl, whose mutations are

associated with an aggressive form of AD (Baum et al., 1999).

Our study further shows that the expression of Lpl and additional

risk factor genes occurs in the Trem2-dependent phase and

attributes a new role for microglia function of these genes in

AD. Immunostaining of DAM-specific genes together with Ab

plaques identified enhanced phagocytic activity of DAM cells

and their functional conservation in both mice and human

AD brains. Single-cell genomic analysis of a large cohort of

postmortembrains of AD patients withmatched non-AD controls

will enable to further identify the role of DAM in AD, and we sus-

pect it will also point to a larger immune heterogeneity than

observed in the mouse models.

Trem2 is a microglia-specific immunoreceptor, whose genetic

variants are associated with increased risk of neurodegenerative

diseases, and homozygous Trem2 loss of function mutations
11b (microglia; CD45lowCD11b+) are marked in blue. Cells enriched for CD11c

rem2 genotypes at the three microglia states: homeostatic stage 1 DAM, and

microglia in the Trem2�/� (x axis) compared with the WT (y axis).

in the Trem2�/�5XFAD (x axis) compared with the 5XFAD (y axis).

rsus homeostatic microglia in the Trem2�/�5XFAD (x axis) to the differential

values sign corresponds to upregulation or downregulation.



cause dementia in humans (Colonna and Wang, 2016; Hickman

and El Khoury, 2014). In addition, a rare variant of Trem2 has

been associated with an increased risk for AD (Guerreiro et al.,

2013; Jonsson et al., 2013; Song et al., 2017). In addition to

Trem2, we identify strong induction of Tyrobp in DAM. Tyrobp

and Trem2 form a signaling complex, associated with Ab clear-

ance, that could enhance phagocytic activity of microglia and

participate in suppression of inflammatory responses by repres-

sion of microglia-mediated cytokine production and secretion

(Ma et al., 2015). Here, using Trem2�/�5XFAD mice, we were

able to identify two sequential but distinct stages in DAM activa-

tion. The first step, which is Trem2-independent, involves activa-

tion of a set of genes, including the Trem2-signaling adaptor

Tyrobp, Apoe, and B2m, concomitantly with downregulation of

microglia homeostatic factors (e.g., Cx3cr1 and P2ry12/

P2ry13). The second phase of DAM activation, including induc-

tion of lipid metabolism and phagocytic pathways (e.g., Lpl,

Cst7, and CD9), was found to be Trem2-dependent: this transi-

tion to fully activated DAM does not occur in the absence of the

Trem2 receptor. The fact that expression of this set of genes is

associated with phagocytic activity and lipid metabolism, and

is dependent on Trem2, supports the recent observation that

absence of Trem2 in microglia at the late stage of AD, but not

at the early stage, exacerbates disease manifestations (Wang

et al., 2015). It is therefore possible that the function of the genes

expressed by DAM is needed tomitigate the disease by support-

ing phagocytosis but it occurs at relatively late stage of the dis-

ease. Importantly, none of the genes expressed as part of the

DAM program are the primary cause of the disease but rather

affect AD timing of onset and rate of progression.

Taken together, our results shed new light on the role of micro-

glia in AD and suggest that at least a sub-population of microglia,

the DAM, are beneficial for AD. It is possible that there is a trade-

off in brain homeostasis between the number of DAM cells with

phagocytic activity and checkpoint mechanisms that keep them

under tight control (e.g., CX3CR1 inhibitory signaling). Such

checkpoint mechanisms, while essential for the function of

microglia, for ensuring their risk-free immune activation, may

become a negative factor when this balance is tilted and a strong

phagocytic activity is needed in aging or under detrimental ge-

netic backgrounds. In line with this hypothesis, is our current

observation that the elevation of genes associated with the first

step of DAM activation is tightly coupled with the loss of micro-

glial homeostatic genes. Our results also support the observa-

tion that deficiency in CX3CR1 signaling in AD animal models,

led to a reduction in Ab deposition (Lee et al., 2010). It remains

to be determined how targeting the microglia-specific inhibitory

checkpoints can be used to induce early DAM activation and

may be adopted as a therapeutic (or preventive) target to trigger

a microglial response against AD plaque pathology, aging, and

other neurodegenerative diseases.

Generalizing our study to other neurodegenerative diseases,

we found a similar DAM subpopulation in an ALS mouse model.

This suggests that DAM are not associated with the specific pri-

mary cause of disease pathology or disease etiology, but rather

with a general program that is involved in clearance of the prote-

ase-resistant misfolded and aggregated proteins that commonly

accumulate in neurodegenerative diseases and general aging-
induced damage (Yerbury et al., 2016). If this is the case, our

study suggests that blocking microglia-specific checkpoints

might provide a therapeutic approach to unleash the ability of

resident microglia to combat neurodegenerative disorders.
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Serrano, M., and Leone, P.E. (2015). Positive association of the Cathepsin D

Ala224Val gene polymorphism with the risk of Alzheimer’s disease. Am. J.

Med. Sci. 350, 296–301.

Pottier, C., Ravenscroft, T.A., Brown, P.H., Finch, N.A., Baker, M., Parsons,M.,

Asmann, Y.W., Ren, Y., Christopher, E., Levitch, D., et al. (2016). TYROBP ge-

netic variants in early-onset Alzheimer’s disease. Neurobiol. Aging 48,

222.e9–222.e5.

Prinz, M., and Priller, J. (2014). Microglia and brain macrophages in the molec-

ular age: from origin to neuropsychiatric disease. Nat. Rev. Neurosci. 15,

300–312.

Quan, N., and Banks, W.A. (2007). Brain-immune communication pathways.

Brain Behav. Immun. 21, 727–735.

Rajamohamedsait, H.B., and Sigurdsson, E.M. (2012). Histological staining of

amyloid and pre-amyloid peptides and proteins inmouse tissue. MethodsMol.

Biol. 849, 411–424.

Ransohoff, R.M., and Cardona, A.E. (2010). The myeloid cells of the central

nervous system parenchyma. Nature 468, 253–262.

Reitz, C., and Mayeux, R. (2014). Alzheimer disease: epidemiology, diagnostic

criteria, risk factors and biomarkers. Biochem. Pharmacol. 88, 640–651.

Scacchi, R., Gambina, G., Broggio, E., Moretto, G., Ruggeri, M., and Corbo,

R.M. (2004). The H+ allele of the lipoprotein lipase (LPL) HindIII intronic poly-

morphism and the risk for sporadic late-onset Alzheimer’s disease. Neurosci.

Lett. 367, 177–180.
Cell 169, 1276–1290, June 15, 2017 1289

http://refhub.elsevier.com/S0092-8674(17)30578-0/sref33
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref33
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref33
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref33
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref34
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref34
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref34
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref34
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref35
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref35
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref35
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref35
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref36
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref36
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref37
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref37
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref37
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref37
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref38
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref38
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref39
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref39
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref40
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref40
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref40
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref41
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref41
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref41
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref41
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref41
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref42
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref42
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref42
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref42
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref43
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref43
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref43
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref44
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref44
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref44
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref44
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref45
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref45
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref45
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref45
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref46
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref46
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref46
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref47
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref47
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref47
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref47
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref48
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref48
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref48
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref48
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref49
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref49
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref50
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref50
http://dx.doi.org/10.1126/science.aaf4238
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref52
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref52
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref52
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref52
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref53
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref53
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref54
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref54
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref54
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref54
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref55
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref55
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref55
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref55
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref56
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref56
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref57
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref57
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref57
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref57
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref57
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref58
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref58
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref58
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref59
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref59
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref59
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref59
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref60
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref60
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref60
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref61
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref61
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref61
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref62
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref62
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref62
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref62
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref63
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref63
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref63
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref63
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref64
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref64
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref64
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref64
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref65
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref65
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref65
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref66
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref66
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref67
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref67
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref67
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref68
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref68
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref69
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref69
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref70
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref70
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref70
http://refhub.elsevier.com/S0092-8674(17)30578-0/sref70


Schlegelmilch, T., Henke, K., and Peri, F. (2011). Microglia in the developing

brain: from immunity to behaviour. Curr. Opin. Neurobiol. 21, 5–10.

Schwartz, M., and Shechter, R. (2010). Systemic inflammatory cells fight off

neurodegenerative disease. Nat. Rev. Neurol. 6, 405–410.

Sierra, A., Beccari, S., Diaz-Aparicio, I., Encinas, J.M., Comeau, S., and Trem-

blay, M.E. (2014). Surveillance, phagocytosis, and inflammation: how never-

resting microglia influence adult hippocampal neurogenesis. Neural Plast.

2014, 610343.

Simard, A.R., Soulet, D., Gowing, G., Julien, J.P., and Rivest, S. (2006). Bone

marrow-derived microglia play a critical role in restricting senile plaque forma-

tion in Alzheimer’s disease. Neuron 49, 489–502.

Song, W., Hooli, B., Mullin, K., Jin, S.C., Cella, M., Ulland, T.K., Wang, Y.,

Tanzi, R., and Colonna, M. (2017). Alzheimer’s disease-associated TREM2

variants exhibit either decreased or increased ligand-dependent activation.

Alzheimers Dement. 13, 381–387.

Tejera, D., and Heneka, M.T. (2016). Microglia in Alzheimer’s disease: the

good, the bad and the ugly. Curr. Alzheimer Res. 13, 370–380.

Thériault, P., ElAli, A., and Rivest, S. (2015). The dynamics of monocytes and

microglia in Alzheimer’s disease. Alzheimers Res. Ther. 7, 41.

Tremblay, M.E., Stevens, B., Sierra, A., Wake, H., Bessis, A., and Nimmerjahn,

A. (2011). The role of microglia in the healthy brain. J. Neurosci. 31,

16064–16069.

Treutlein, B., Brownfield, D.G., Wu, A.R., Neff, N.F., Mantalas, G.L., Espinoza,

F.H., Desai, T.J., Krasnow, M.A., and Quake, S.R. (2014). Reconstructing line-

age hierarchies of the distal lung epithelium using single-cell RNA-seq. Nature

509, 371–375.

Turnbull, I.R., Gilfillan, S., Cella, M., Aoshi, T., Miller, M., Piccio, L., Hernandez,

M., and Colonna, M. (2006). Cutting edge: TREM-2 attenuates macrophage

activation. J. Immunol. 177, 3520–3524.
1290 Cell 169, 1276–1290, June 15, 2017
Wang, Y., Cella, M., Mallinson, K., Ulrich, J.D., Young, K.L., Robinette, M.L.,

Gilfillan, S., Krishnan, G.M., Sudhakar, S., Zinselmeyer, B.H., et al. (2015).

TREM2 lipid sensing sustains the microglial response in an Alzheimer’s dis-

ease model. Cell 160, 1061–1071.

Wang, Y., Ulland, T.K., Ulrich, J.D., Song, W., Tzaferis, J.A., Hole, J.T., Yuan,

P., Mahan, T.E., Shi, Y., Gilfillan, S., et al. (2016). TREM2-mediated earlymicro-

glial response limits diffusion and toxicity of amyloid plaques. J. Exp. Med.

213, 667–675.

Winter, D.R., Jung, S., and Amit, I. (2015). Making the case for chromatin

profiling: a new tool to investigate the immune-regulatory landscape. Nat.

Rev. Immunol. 15, 585–594.

Yamasaki, R., Lu, H., Butovsky, O., Ohno, N., Rietsch, A.M., Cialic, R., Wu,

P.M., Doykan, C.E., Lin, J., Cotleur, A.C., et al. (2014). Differential roles of

microglia and monocytes in the inflamed central nervous system. J. Exp.

Med. 211, 1533–1549.

Yerbury, J.J., Ooi, L., Dillin, A., Saunders, D.N., Hatters, D.M., Beart, P.M.,

Cashman, N.R., Wilson, M.R., and Ecroyd, H. (2016). Walking the tightrope:

proteostasis and neurodegenerative disease. J. Neurochem. 137, 489–505.

Yuan, P., Condello, C., Keene, C.D., Wang, Y., Bird, T.D., Paul, S.M., Luo, W.,

Colonna, M., Baddeley, D., andGrutzendler, J. (2016). TREM2 haplodeficiency

inmice and humans impairs themicroglia barrier function leading to decreased

amyloid compaction and severe axonal dystrophy. Neuron 90, 724–739.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-CD45 Brilliant violet 421 (clone 30-F11) Biolegend 103134

Mouse anti-CD11b APC (clone M1/70) eBioscience 17-0112-82

Mouse anti-CD11b FITC (clone M1/70) Biolegend 101206

Mouse anti-CD11c biotin (clone N418) Biolegend 117304

Streptavidin APC/Cy7 Biolegend 405208

Mouse anti-Ly-6G (Gr-1) PerCP-Cy5.5 (clone RB6-8C5) eBioscience 45-5931-80

Mouse anti-CD11c (clone AP-MAB0806) Novus NB110-97871

Mouse Anti-Lipoprotein lipase antibody (clone LPL.A4) Abcam ab21356

Rabbit anti-Iba1 Wako 019-19741

Goat anti-Iba1 Abcam ab5076

Anti b-amyloid (clone 1-16) Biolegend 803001

Mouse anti-Timp2 (clone 3A4) Abcam ab1828

Cy2 donkey anti-mouse Jackson 715-225-151

Cy2 donkey anti-rabbit Jackson 711-225-152

Cy3 donkey anti-mouse Jackson 715-165-151

Cy3 donkey anti-rabbit Jackson 711-165-152

Cy5 donkey anti-mouse Jackson 715-175-151

Alexa Fluor-647 Donkey anti-rabbit (similar to cy5) Jackson 711-605-152

Cy2 streptavidin Jackson 016-220-084

Cy3 streptavidin Jackson 016-160-084

Anti-Histone H3 Abcam ab1791

Biological Samples

Human brain sections of postmortem Alzheimer’s

disease and non-CNS-disease aged matched individuals

Oxford Brain Bank http://www.hra.nhs.uk/news/research-

summaries/the-oxford-brain-bank/

Chemicals, Peptides, and Recombinant Proteins

Hoechst 33342 (used for nuclear staining) Invitrogen H1399

Dynabeads protein G Invitrogen 10004D

Thioflavine S Sigma-Aldrich T1892

Deposited Data

Raw data files for single-cell RNA-seq NCBI Gene Expression Omnibus GSE98969

Raw data files for iChIP NCBI Gene Expression Omnibus GSE98970

Experimental Models: Organisms/Strains

Mouse: 5XFAD Tg6799 The Jackson Laboratory 34840-JAX

Mouse: C57BL/6 WT Harlan N/A

Mouse: SOD1-G93A The Jackson Laboratory 002726

Mouse:Trem2�/� Generated in the Laboratory of

Dr. Marco Colonna

N/A

Oligonucleotides

Lpl FISH probes: Stellaris FISH Probes SMF-1082-5

gaacagttacaaggggcaga

tcaacctttaaaggggaggg

aaggcggtcaaactctggag

tgtctgagaaatctcttccc

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ccttagggcaaatttgcttt

gagtctgctaatccaggaat

ggttgaagtggcagttagac

cacccaactctcatacattc

cactggataatgttgctggg

atgaatctggccacatcatt

gtctagggggtagttaaact

ttcttattggtcagacttcc

tgcatactcaaagttaggcc

caatacttcgaccaggtgac

aatgtcaacatgccctactg

tctctgcaatcacacggatg

ccagattgttacagcgattc

ctgaccttgttgatctcata

tggaacactttgtagggcat

gtgccgtacagagaaatctc

cagggtgaagggaatgttct

cacctccgtgtaaatcaaga

cttcatcatgagcagttctc

ctgaagtaggagtcgcttat

aaacactgctgagtcctttc

ctcaggaaaacccactttca

gttagccaccgtttaatatt

ggtcacatgatggagtctta

aaatggacctgacttatgcc

aaaggccaggtgtttcaatc

atgtcttcaactgcttttgc

aagggtcaggacttcatgag

gacttgtactttgttgtggt

gtctaggttttgtatctctg

tggcggagatgagtctcaaa

gcagtttacaagcatccata

attacagttgagggctcttc

atgacgactacacttgtggg

atattccagtatatcccttg

attacataggcacaaccagc

tgaaatcggtcacctttgtc

tagcaataatggggatgccg

caagcattcttacataccca

gcaccacaaatctatactgc

atcatggatggagacggaca

gttaagttggctcagtgaga

gcctatttcattgtactgtt

taccatttcttcacacaggt

Csf1 FISH probes: Stellaris FISH Probes Custom (Hybridized in lab)

tttatgggaaatcaccctgg

gaggcaaactttcactttcc

caatcatgtggctacagtgt

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ttgactgtcgatcaactgct

gccttctttaggtagcaaac

attgggggtgttgtctttaa

aggttattggagagttcctg

tggaaagttcggacacaggc

gtccttttcaaggagattct

gttgttgcagttcttggtaa

gtacaggcagttgcaatcag

tctgtcctctgagaatcatc

tttggttgctctgttgactc

gcagaaggatgaggttgtga

tgcccagtgaagattcaaga

cagaagcttcttctaggacc

tcaaaaatccctcactagcc

gaatggagatgctgagaggg

tgttatatccactggctttt

agtattattctgtgtctggc

gcttttgggaagcagtaact

cctgtgtcagtcaaaggaat

aggtggaagacagactcagg

tccacttgtagaacaggagg

agaatccaatgtctgagggt

gaatcctttctatactggca

tgtctccttccataaagaga

agggtgaggatggaaagacc

cagggcccacaataaatagt

ctggttttgaggggaggaag

ctcttcttgggaaacaggtc

tttatgcctttacgggaagt

aagctgtcaacacaagcagc

tatcagcagagggcacttaa

agaacattcggacggatggt

ctcctgggaatgtcaaagtg

ttcaagacccattctcattc

aatttcaagcttaggggtgc

gaggggctagagtatagaga

agtatggtaggtgagactgg

ctctaaacctggcttgcttg

ggggactcagcagcataaag

gcctgaaagattattgaccc

tgatggagcttacagaccac

ccacaagaaagtctccagtg

agtctgtaaccagaaggcta

ctccaaaggtggatttgagg

tcacagtttgtgaggcagtg

Cx3cr1 FISH probes: Stellaris FISH Probes Custom (Hybridized in lab)

agcagatgggaagggaactt

aaggaggtggacatggtgag

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

attctctagatccagttcag

ttccaaaggccacaatgtcg

gcgtagaagacggacaggaa

accagaccgaacgtgaagac

tcaggaggtagatgtcagtg

caaagagcaggtcgctcaag

atggctgatgaggtagtgag

agaagaaggcagtcgtgagc

agaatatgcccccaaagaag

tcgatgctgatgacggtgat

agactaatggtgacaccgtg

tgtcctttctctttgtgaac

aggatgttgacttccgagtt

catgataagcaagggcaggg

ggatgatgcggaagtagcaa

cttgcgattcttgcaggaaa

agaacttgagagtctccagg

catgtcacaactggggaaga

ggcgtagataaaggggttga

ccaggtatcttctgaacttt

tcgcttgtgtagtgagtgaa

agaactctgggttcctagtg

agcggcagggaaatctgatg

gcagtaagagatacgtgtgt

atttttgtcaccagtaagcc

aaacccctttgtaattgcac

catgatcatgcaaccaggac

cagtctgaggacttagttgt

gatctgaaggtcagagaggg

agaacctggatgatctgtca

aatcagagagatgtggtcct

tgttccctaggaataccaat

taacaccacctagtcaagga

ttaggtatcccttctatttc

agttcttgctgtcagagtag

gaatgagctccatggtaagg

gctagcaacagatactgcta

gtgagcagtaacccaaattc

gccttgggattgaatttgat

gttagaactgcatcctatct

aatgaggagtcagcgtggag

catggctctttctatttctt

tatgaatcgatcccttcact

tgtgcaagcaacagagttgg

gaatggatgaaggcaccaca

atgctaaagtccttgctgag

atttctcagaggcagggtaa

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ggatgctgtaggaataggtc

gacatgggaatggctttgta

gacattcttgtggctacatc

gagaccggagtcagtgaatg

ctttcaatgtaagcctgcaa

ttttttgactacactgtcct

accaacacaggaacagggag

gctgggagagacttctgaaa

aggagatatcagacatgccg

tatgactcagtctgtctgtc

atagacacactctaggcacg

Software and Algorithms

MATLAB R2016a software MathWorks http://www.mathworks.com/

HISAT Kim et al., 2015 https://github.com/infphilo/hisat

PhenoGraph Levine et al., 2015 N/A

Other

MARS-seq reagents Jaitin et al., 2014 N/A

iChIP reagents Lara-Astiaso et al., 2014 N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents should be directed to and will be fulfilled by Lead Contact Ido Amit (ido.amit@

weizmann.ac.il).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Heterozygous 5XFAD transgenic mice (on a C57/BL6-SJL background) that overexpress familial ADmutant forms of human APP (the

Swedishmutation, K670N/M671L; the Floridamutation, I716V; and the Londonmutation, V717I) and PS1 (M146L/L286V) transgenes

under the transcriptional control of the neuron-specific mouse Thy-1 promote (Oakley et al., 2006) (5XFAD line Tg6799; The Jackson

Laboratory), and male Heterozygous mSOD1 G93A mice on a C57BL/6J background, were taken throughout adulthood in different

time points as indicated in the text. Mice were bred and maintained by the animal breeding center of the Weizmann Institute of Sci-

ence. All experiments detailed herein complied with the regulations formulated by the Institutional Animal Care and Use Committee

(IACUC) of the Weizmann Institute of Science. For the Trem2 experiments, Trem2�/� mice were generated as previously described

(Turnbull et al., 2006); 5XFAD mice were purchased from the Jackson Laboratory (MMRRC) and crossed to Trem2�/� mice to

generate Trem2+/�5XFAD and Trem2�/�5XFADmice. Thesemice were bred and housed in theWashington University animal house.

Paraffin embedded sections of human brains
Human brain sections of postmortem Alzheimer’s disease and non-CNS-disease aged matched individuals were obtained from the

Oxford Brain Bank (formerly known as the Thomas Willis Oxford Brain Collection (TWOBC)) with appropriate consent and Ethics

Committee approval (TW220). The experiments involving these sections were approved by the Weizmann Institute of Science

Bioethics Committee.

METHOD DETAILS

Tissue harvesting
Mice were transcardially perfused with PBS before tissue extraction. Either whole brains, spinal cords, or specific parts of the brain

(cortex or cerebellum), not excluding meninges and choroid plexus, were collected, as indicated in the figure legends. Single-cell

suspensions of tissues for all mice, excluding the Trem2 experiment, were achieved using software-controlled sealed homogeniza-

tion system (Dispomix; http://www.biocellisolation.com) in PBS, followed by density gradient separation; Pellet was mixed with 40%

percoll and centrifuged in 800G for 20min at 12�C. Brains of Trem2mice were processed as previously published (Wang et al., 2015).
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Supernatant was discarded and pellet was taken further for antibody staining, as described below. Before staining, samples were

blocked with Fc-block CD16/32 (BD Biosciences, San Jose, CA).

Single cell Sorting
Cell populations were sorted with SORP-aria (BD Biosciences, San Jose, CA). Prior to sorting, all samples were filtered through a

70-mm nylon mesh. For the sorting of whole immune cell populations, samples were gated for CD45+ (Brilliant-violet-421, 1:150,

30-F11, biolegend Inc. San Diego, CA), after exclusion of doublets. For the isolation of CD11c positive microglia, samples were gated

positive for CD45, CD11b (APC CD11b, 1:100, M1/70, eBioscience or FITC CD11b, 1:100, M1/70, Biolegend Inc), and CD11c (Biotin

CD11c, 1:100, N418, Biolegend Inc, followed by APC/Cy7 Streptavidin, 1:100, Biolegend Inc.), while excluding Gr-1 positive cells

(PerCP Cy5.5, 1:100, RB6-8C5, eBioscience) and doublets. Isolated cells were single cell sorted into 384-well cell capture plates

containing 2 mL of lysis solution and barcoded poly(T) reverse-transcription (RT) primers for single-cell RNA-seq (Jaitin et al.,

2014). Four empty wells were kept in each 384-well plate as a no-cell control during data analysis. Immediately after sorting, each

plate was spun down to ensure cell immersion into the lysis solution, snap frozen on dry ice, and stored at –80�C until processed.

To record marker level of each single cell, the FACS Diva 7 ‘‘index sorting’’ function was activated during single cell sorting.

Following the sequencing and analysis of the single cells, each surface marker was linked to the genome-wide expression profile.

This methodology was used to optimize the gating strategy.

Massively Parallel Single-Cell RNA-seq Library preparation (MARS-seq)
Single-cell libraries were prepared as previously described (Jaitin et al., 2014). In brief, mRNA from cell sorted into cell capture plates

are barcoded and converted into cDNA and pooled using an automated pipeline. The pooled sample is then linearly amplified by T7

in vitro transcription, and the resulting RNA is fragmented and converted into a sequencing-ready library by tagging the samples with

pool barcodes and illumina sequences during ligation, RT, and PCR. Each pool of cells was tested for library quality and concentra-

tion is assessed as described earlier (Jaitin et al., 2014).

Analysis of Single cell RNA-seq data
MARS-seq libraries, pooled at equimolar concentrations, were sequenced using an Illumina NextSeq 500 sequencer, at a

sequencing depth of 50K-100K reads per cell. Reads are condensed into original molecules by counting same unique molecular

tags (UMI). We used statistics on empty-well spurious UMI detection to ensure that the batches we used for analysis showed a

low level of cross-single-cell contamination (less than 3%).

MARS-seq reads were processed as previously described (Gury-BenAri et al., 2016). Mapping of reads was done using HISAT

(version 0.1.6) (Kim et al., 2015); reads with multiple mapping positions were excluded. Reads were associated with genes if they

were mapped to an exon, using the UCSC genome browser for reference. Exons of different genes that shared genomic position

on the same strand were considered a single gene with a concatenated gene symbol. Cells with less than 500 UMIs were discarded

from the analysis. Genes with mean expression smaller than 0.005 UMIs/cell or with above average expression and low coefficient of

variance (< 1.2) were also discarded. After filtering, cells contained a median of 2,373 unique molecules with 1,179 median genes

per cell.

Graph-based clustering analysis
In order to assign cells to homogeneous clusters we used the PhenoGraph clustering algorithm (Levine et al., 2015). Low-level pro-

cessing of MARS-seq reads results in a matrix U with n rows and m columns, where rows represent genes and columns represent

cells. Entry Uij contains the number of uniquemolecular identifiers (UMIs) from gene i that were found in cell j. PhenoGraph first builds

a k-Nearest Neighbors (kNN) graph using the Euclidean distance (k = 30) and then refines this graph with the Jaccard similarity co-

efficient, where the edgeweight between each two nodes is the number of neighbors they share divided by the total number of neigh-

bors they have (Levine et al., 2015). As input for PhenoGraph we first applied PCA of the expression matrix keeping the first 40 com-

ponents. To partition the graph into modules/communities PhenoGraph uses the Louvain Method (Levine et al., 2015). p values for

differential expression analysis between different clusters were calculated using theMann-Whitney U test (MATLABR2016a ranksum

function). Clusters annotation was donemanually based on the expression of a large number of hallmark genes, for example, CD3 for

T cells, S100A6 for granulocytes and Hexb, Cst3 and Cx3cr1 for microglia.

Graph projection
Graph is visualized in two dimensions using ‘force-directed layout’ (MATLAB R2016a graph plot function). Using attractive forces

between adjacent nodes and repulsive forces between distant nodes.

Single cell clustering Heatmap view
For heatmapvisualizationof single cell clustersweselected the variable genes (rows) usingachi-squarebasedassay.Cellsweregroup-

ed according to their assignment to clusters, and the number of UMIs per gene in each cluster was compared against the expected

number. Genes with p value passing a threshold of 1e-3 after a Bonferroni correction were selected for visualization. Values were log

transformed and normalized to havemean expression of 1, genes were ordered using hierarchical clustering with correlation distance.
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Gene enrichment analysis
Gene enrichment was done using Metascape (http://metascape.org/) online tool with default parameters.

Pseudo-temporal ordering of single cells (along disease progression axis)
To obtain pseudo-temporal ordering of the cells along the transition from homeostatic microglia into DAMwe used a similar approach

to Wanderlust (Bendall et al., 2014). Cells were represented as nodes in a k-nearest neighbor graph. We selected a representative

homeostatic microglia cell (from the homeostatic microglia cluster) and a representative DAM cell as waypoints. For each cell we

calculated the shortest path to each of the waypoints and ordered the cells according to their distance. The final trajectory is an

average over all graph trajectories. One-dimensional PCA trajectory resulted in a very similar path, suggesting that the majority of

the variability inherent in our dataset can be represented by a single principal component.

To estimate the pseudo-time transition point for each gene we sorted the cells according to their temporal ordering. For each gene,

we fitted a generalized logistic function (Richards’ curve) to the one dimensional vector of UMI counts using nonlinear optimization

algorithm (MATLAB R2016a fmincon function). Genes were ordered according to time to half maximal response (t1/2).

Immunohistochemistry and histochemistry
Immunohistochemistry and histological staining was performed on human and mouse brain sections. Mice were perfused with PBS

prior to brain tissue fixation, followed by tissue processing to form 30 mm thick floating sections. Human hippocampal paraffin

embedded sections were 10 mm thick. Histological staining for Ab was done using Thioflavin S (ThioS). The following primary anti-

bodies were used: Armenian Hamster anti-CD11c (1:50; Novus, Littleton, CO), rabbit anti-IBA-1 (1:100, Wako, Richmond, VA),

goat anti-IBA1 (1:200, Abcam, Cambridge, MA), mouse anti-LPL (1:50, Abcam, Cambridge, MA), mouse anti-Ab 1-16 (1:200, Bio-

legend, San Diego, CA), mouse anti-TIMP2 (1:25, Abcam, Cambridge, MA). Secondary antibodies were Cy2/Cy3/Cy5 donkey

anti- rabbit/mouse antibodies (1:150; Jackson ImmunoResearch, West Grove, PA) or biotin-SP-conjugated goat anti-Armenian

Hamster following cy2/cy3 conjugated streptavidin (1:150; Jackson ImmunoResearch, West Grove, PA). The slides were exposed

to Hoechst nuclear staining (1:4000; Invitrogen Probes, Carlsbad, CA) for 30 s, prior to their sealing. Staining with secondary antibody

alone was used as a negative control. Microscopic analysis was performed using confocal microscopy (Zeiss, LSM880). For quan-

tification of IBA-1+ CD11c+ microglia from cortical slices, IBA-1+ and IBA-1+ CD11c+ cells were counted manually using ImageJ

(805 IBA-1+ cells in AD and 139 IBA-1+ in the WT). Quantification of IBA-1+ LPL+ ThioS+ microglia was performed by acquisition

of z stacks to allow a 3D analysis using the IMARIS software. 109 IBA-1+ mouse cells were counted in Ab proximal regions and

102 IBA-1+ cells in Ab distal regions. 110 IBA-1+ human cells were counted in each region.

Single-molecule fluorescent in situ hybridization (smFISH)
5XFAD andWT 6-month old femalemicewere perfusedwith PBS. Brain tissues harvested and fixed in 4%paraformaldehyde for 3 hr;

incubated overnight with 30% sucrose in 4% paraformaldehyde and then embedded in OCT. 6-10 mm cryosections were used for

hybridization. Probe libraries were designed and constructed as previously described (Itzkovitz et al., 2012). Single molecule FISH

probe libraries consisted of 48 probes of length 20 bps. Lpl, Cx3cr1, and Csf1 probes were coupled to cy5 or alexa594. Hybridiza-

tions were performed overnight in 30�C. DAPI dye for nuclear staining was added during the washes. To detect amyloid plaques, aAb

immunohistochemistry staining was performed simultaneously with the hybridization. Images were taken with a Nikon Ti-E inverted

fluorescence microscope equipped with a x60 and3 100 oil-immersion objective and a Photometrics Pixis 1024 CCD camera using

MetaMorph software (Molecular Devices, Downington, PA). Quantification was donemanually and calculated according to proximity

to the Ab (AD-Ab proximal and AD-Ab distal). AD-Ab proximal were considered areas that had more than one plaque with a diameter

over 35 mm in a field of x60magnification. smFISHmolecules were counted only within the DAPI staining of the cell; a cell was consid-

ered Cx3cr1-positive if it had more than 4 Cx3cr1 molecules over 20 0.3 mm Z stacks. The number of molecules of Lpl, Csf1 was

counted over 20 or 21 0.3 mm Z stacks and normalized to 20 Z stacks. The p values were achieved using Mann-Whitney U test

(MATLAB R2016a ranksum function).

Chromatin immunoprecipitation (iChiP)
iChIP was prepared as previously described (Lara-Astiaso et al., 2014). Briefly, for chromatin analysis, cells were cross-linked for

8 min in 1% formaldehyde and quenched for 5 min in 0.125 M glycine prior to sorting. Cells were sorted using the described sorting

strategy for CD11c positive microglia. Brains from five 5XFADmice at ages 5.8-7.4 months were combined for the iChiP experiment.

WT control was aged matched. Sorted cells were lysed in 0.5% SDS and sheared with the NGS Bioruptor Sonicator (Diagenode).

Sheared chromatin was immobilized on 15 mL Dynabeads Protein G (Invitrogen) with 1.3 mg of anti-H3 antibody (Abcam). Magnetized

chromatin was then washed with 10mM Tris-HCl supplemented with 1X PI. Chromatin was end repaired, dA-tailed and ligated with

sequencing adapters containing Illumina P5 and P7 sequences. Indexed chromatin was pooled and incubated with 2.5 mg H3K4me2

antibody (ab32356) at 4�C for 3 hr and for an additional hour with Protein G magnetic beads (Invitrogen). Magnetized chromatin was

washed and reverse cross-linked. DNA was subsequently purified with 1.65X SPRI and amplified by PCRwith 0.5 mMof forward and

reverse primers containing Illuminia P5-rd1 and P7-rd2 sequences. Library concentration was measured with a Qubit fluorometer

and mean molecule size was determined by TapeStation (Agilent). DNA libraries were sequenced on an Illumina NextSeq 500

with an average of over 10 million aligned reads per replicate.
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iChiP analysis
Readswere aligned to themouse reference genome (mm9, NCBI 37) using Bowtie2 aligner version 2.2.5 with default parameters. The

Picard tool MarkDuplicates from the Broad Institute (http://broadinstitute.github.io/picard/) was used to remove PCR duplicates. For

scatterplot, the read density (number of reads in 10 million total reads per 1000 bp) was calculated using a sliding window across the

entire genome of with 500bp overlap. The region intensity was given in log-base2 of the normalized density (log2(x+1)).

Comparing DAM program in AD, ALS and aging
To compare the DAM expression profile between various neurodegenerative conditions we used correlation between the average

expression profiles of the DAM cluster in each condition including all genes with at least 0.1 molecules per cell in any condition

(r > 0.9 for pairwise correlations). In addition, we have searched for differential genes using the non-parametric Mann–Whitney

U test comparing the two clusters and did not find significant changes of the DAM program between the different conditions.

Analysis of Trem2 single cell data
Trem2 experiment (related to Figure 5) was performed using a different cell processing protocol (Wang et al., 2015); we therefore

detected an increase in the expression of stress related genes, such as Fos, Jun, Junb, Klf6, as well as some inflammatory genes,

such as Nfkbiz, Tnf, Tnfaip3. This stress / inflammation pattern was not consistent betweenWT or ADmice and was observed in both

samples in different levels, stronger in the WT Trem2+/+ sample. As these genes were not expressed in our previous datasets, we

assume they are an artifact of the tissue processing protocol. To exclude this potential source of variability we performed the Trem2

analysis using the same gene sets used in the time course experiment. The stress / inflammation related genes are indicated in red in

Table S7.

QUANTIFICATION AND STATISTICAL ANALYSIS

p values for differential expression analysis between different clusters were calculated using the Mann-Whitney U test (MATLAB

R2016a ranksum function), comparing molecular count in single cells from each group using a non-parametric statistical test.

Quantification of immunofluorescence imaging (over 900 cells) as well as single molecule FISH analysis (over 100 cells) was done

using the Mann-Whitney U test (MATLAB R2016a ranksum function).

DATA AND SOFTWARE AVAILABILITY

The accession number for the sequencing data reported in this paper is GEO: GSE98971. This parent directory includes the following

datasets: GEO: GSE98969 (single cell RNA-seq) and GEO: GSE98970 (iChIP).
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Supplemental Figures
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Figure S1. Clustering of Immune Cells in the Brain of an AD Mouse Model, Related to Figure 1

(A) FACS gating strategy for isolating immune cells (CD45+) fromwhole brains of AD andWTmice. (B) Bar plots showingmean expression (UMI count) of selected

genes across clusters I-X (colored as in Figure 1B) analyzed from the immune cells in the brains of WT and Tg-AD (AD) mice. (C) Projection of selected genes onto

the t-SNE plot depicting the ten immune clusters in WT and AD brains (corresponding to Figure 1D). Number for each gene represents the max expression level

(log2 UMI counts) depicted by a color bar (similar to Figure 2D). (D) Volcano plot showing the fold change of genes (log2 scale) in individual animals (females)

between DAM (microglia3) to regular microglia (microglia1) from the AD brain (x axis) and their significance (y axis, -loglog scale). p values were determined by

Mann-Whitney U-test with FDR correction. (E) Gene Ontology (GO) analysis showing enrichment of GO terms in DAM associated genes.



(legend on next page)



Figure S2. Analysis of DAM in AD, Related to Figure 2

(A) FACS gating strategy using the CD11c positive cells for enriching the DAM population in AD brain. (B) Heatmap showing projection of CD11c+ microglia from

6-month old AD mice onto the corresponding CD45+ selection. (C) Scatterplot showing the correlation to the average DAM transcription program (x axis) and

index-sorting intensities of CD11c (y axis). Cells are colored based on cluster association as determined in Figure 1D. All DAM cells (red) show high levels (> 3.5E2)

of CD11c but not all CD11c cells are DAM. (D) tSNE plot of CD11b+ cells from bothWT and ADmouse. (E) Distribution of microglia, intermediate state and DAM in

cells sorted at the four time points taken, for WT (CD11b+) and AD (CD11b+CD11c+) mice. (F) Scatterplot showing a 2Kb sliding window read coverage (log2) of

H3K4me2 in microglia isolated from brains of AD model (x axis) versus DAM (y axis). ADmice were 6.7-month old on average. See the STARMethods for details.

(G) Normalized profiles of H3K4me2 signals in 150 kilobase (kb) regions in the Lpl gene analyzed in microglia from brains of 6 months WT mouse (WT microglia),

microglia from AD mouse (AD microglia) and DAM from AD mouse (AD DAM).



(legend on next page)



Figure S3. DAM Markers Co-localize in AD Microglia, Related to Figure 3

(A) Dot plot quantification for microglia clusters I-X in the cortex/cerebellum experiment, showing the percentage of WT (beige) or AD (red) cells out of the total

CD45+ cells in each of the clusters identified in Figure 3A. Each data point (square, male) represents an independent single cell experiment performed on an

individual animal. (B) Representative immunofluorescence images of CD11c (green), TIMP2 (cyan) and microglia (IBA-1, red) in cortical sections of 6-month old

WT and Tg-AD (AD) mice. Cell nuclei are shown in blue (DAPI). Scale bar, 10 mm. Arrows indicate co-localization of TIMP2 and CD11c on IBA-1 positive cells. (C)

smFISH ofmRNAmolecules for Cx3cr1 (green), a marker for homeostatic microglia, and Lpl (red), a DAMmarker, together with Ab plaques immunostaining (gray)

and DAPI staining (blue) in intact brain tissue taken from 6-month oldWT and ADmice. Imaging of ADmouse brains was performed in a region with low density of

Ab plaques (AD-Ab distal; bottom left) and in a region with a high density of Ab plaques (AD-Ab proximal; right). Large yellow blobs are cytoplasmic auto-

fluorescent objects. Scale bar, 5 mm. (D) Left - quantification of the number of Lplmolecules inmicroglia. Horizontal lines aremedians, boxes demarcate the 25-75

percentiles; vertical lines are 1.5 times the interquartile range. Red plus signs represent outliers. Right - average UMI count obtained from the single cell RNA-seq

data. Quantification was done based on the overall number and size of Ab plaques in each field. n(WT) = 34, n(AD-Ab distal) = 38, n(AD-Ab proximal) = 152, *** <

0.001. ns = non-significant. Error bars represent SEM.



(legend on next page)



Figure S4. DAM Are Present in Other Neurodegenerative Conditions in Addition to Alzheimer’s, Related to Figure 4

(A) Representative image of a postmortem AD human hippocampal section (n = 5) and a human non-AD brain (n = 3) stained for LPL (green), microglia (IBA-1, red)

and Thioflavin-S (ThioS) for Ab plaques (gray). Bar plots showing fraction of IBA-1+ cells (microglia) in Ab distal and proximal regions in postmortem human AD

brain (n = 110 cells per region). Shown is a representative quantification of one postmortem brain out of three with a similar pattern. Scale bar, 10 mm. (B) Heatmap

showing clustering analysis (k = 13) of 3194 single cells, featuring 150 most variable genes, from the spinal cord of WT and ALS mouse model. (C) Projection of

Hexb, Cx3cr1 and Lpl onto the t-SNE plot depicting the immune cells in an ALSmodel (corresponding to Figure 4D). The number for each gene represents themax

expression level (log2 UMI counts) depicted by a color bar (similar to Figure 2D). (D) Scatterplot showing the average molecules count (log2 scale) of DAM in

5XFAD (x axis) compared with DAM in the ALS model (y axis). (E) Bar plots showing the number of microglia cells present in young (7 weeks) and old (20 months)

mice along the activation axis. Grey region marks DAM activation area.



Figure S5. DAM Are Activated through a 2-Step Activation Program, Related to Figure 5

Bar plots showing mean expression (UMI count) of selected genes across clusters I-III: Homeostatic microglia (yellow), stage 1 DAM (orange) and stage 2

DAM (red).
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